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I, INTRODUCTIOM

The acowusto-ortic effect is a shenomenon occuring in a nemetic
licuid corustal in the seresence of both e ultrazsanic wave and 8
linearly rolarized lidght wave., The nemsatic cell is econstructed by

inserting the lieuid crusstal helween two sheets of dlass chewmicslly

trezterd to srouote homeolroric a2lidgnment. Lecithin is a8 turical
chemicesl  sHent which causes the long sxes of the nematic molecules
to become oriented rerrervdicular to the dglass sheets, Normalls rio

light is transmitbtted 1if the cell is observed betuween crossed

rolarizers. Howeversr if arm ultrasonic wave is directed to the cells

1icht will be teanswitted throush the second solarizer,

Since 1976 it has béen knnun‘ that the mechz2nism causing the
effect is acoustic streaming. Howevers the derendence of the effect
ar~on the incident zcoustic ansdle is not understooc. In 1778y Letcsery
Lebruny and Candauzreported for their cells the effect took rlace in 3
relativel: narrow rande of incident anglesy 27 to 30 desrees. In 1977

3 4
Hagzis Peters and Candau and, in 1978, Nedai and Iizuka rerorted the

‘aeoustic” Precuency derendence of the angular variation of sensitivits

‘arid gave rreliminary rééults which irndicated +the transmitted lidght

intensity inecrezsed with increased acoustic transmission. In 1979y
. 5 . - .

Ferbety Harendgs and Lelerve rerovted sitrong light tronsmission at

incidont zacoustic angles of maximum and minimum acoustic transmissior.

. ¢ .
Alaor in 1979: Lebrury Candauy and Letcher rerorted the narrow ansular

rznsie for the effect becomes broadened when thin glass is used Tor the

cell.
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I this rerort we deseribe the study we have wndevtaben to,
gnuluze lthe andular derendence of the scoustou-ortic effect. In
Section IT a theorw is develored which dgives the a&oustic'tranﬁmissinn
o' the cell as a8 funcltion of incident acoustic-andler frecuencur sreed
“pf the acoustic wave in the flﬁid(s) surroundinsg the celly densits of
the cells deﬁsitg nf'the fluid{(s) surrounding the cells dénsitg of the
#$lassr sreeds of the longitudinal and transverse uaves in the glassey
@hickn@ss of the dglasss ladery thickness of the .limuid crustal and
acoustic sreed in ihe lieuid crustzl. Since each of these euantities
are measureatley as well 8s the a&tual transmissiony the finazsl
eaustion can be rigorously tested exrerimeontsllz. Thé results of such
testing 1is rororted in Sectionm ITI for b&th é sindgle sheet of stlass
aned Lhe lieuid crustal cell. A  comrarison is also made in this
section between the ascoustic transmission and sensitivity of the
acousto-ortic etfect. This cumearison gives insight into the results
menliaoned above bu other researchers. We slso obtzin results foe the
andular derendence of lines which often assear in eellé exhibiting the
acousto-ortic effect. In the final sections -conclusions are drauwn
from these ohservations., Arrendiy A4 contasins a comruter srosgram for
evaluation of the ascoustic transmission for 2 diven set of the above
mentioned rarametors. Arrendices B :anduhb contain dvarhs of the

trarnsmission for turicsl cells as @ function of andle for wvarious

frepuzncies.




I1. THEQORY

To obliin an exrreossion Tor the teanswission ol or seoustic 120

throusth a liocuwid crestsl cells ve will use the coordinstice  sestem  of
Figare 1, Al thoush exverimentally we uill immeree the cell in waler
the exereszion will allow Lhe Fluiii or each side of the cell to tai

difTerent,

Since Tluids surrorl no shear waves woe will only have one wave

funcition  in the water spd lioauid erystal rezions: a wavo Tunction for

e comrrossion wapve!

b = (d)!ei(!?- + (bue"i(!?-) ei((’x‘m) (1)

In the glass we will heve an additional Tunction fTor shesr!

\il = (\ylciﬁz + \?!le"'iﬂz) ei(O’x—mt) . (2)

Ve mole thal the 3t comronont of the wave numbﬁrrcrr is the same fTor

bolth lwreys  of woves, Iue to Snell’s law ve further see Tis the sone

in each @wotiium,

The maloerial sereeds mase be Toured from

L2

e o el

e e
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The wave sroeds may e exrressed in

b 4

%,

9x

¥

22

(3)

(%)

terms of the Lame’ parameters

(X&?} ared the densitsre. The longitudinsl seeed is dgiven by

c=‘-’

o
3
.

Foi the fluid redgion the only stress is the

., oy
for L2 €i2

ss redions we must generalize to

A+ 2

Liie shear seeed bu

(s)

(6)

Fressures since‘l='0y but

0

e e

NP




(8)

-3 .
2 = ¥ .a_u)c +§1}.Z
x 0z ox
whore “x ard u_ ave malervizl) diselocemsnls from ecuilibrium in the o
arnd = divectionsy resrechively. These disslascoment conronents are
related to Lhe sieed comronesiits by
iv
a = 2 (9)
X
iv
u =—= (10)
zZ W
the

As irdicated in Figure 1 we use the susceirt 1 to dencte
He let

uwater dlasg t
2 3 =gd= dcozy /b

-
Ifl
<
(Y

Combining Ecustions 1 - 4 arvi 7 - 10 we hs

o'+ ¢n

v
X3
v ¢' — ¢
Z1 = A (1)
* Y' - ?“
Z
Z3

UARE S o

where

A
*

e




For

—_i__()'tk2 + 2p¢°) cos P

~ sin P

i cos P

1 §k2 + 2p0®) sin P

W (/)]

oo sin P

-iB cos Q
-g sin Q

-2ipo B cos Q
W

_}.___(02 - 82) sin Q -

g

imterfasce 2 we write 2 similar

~ioo cos P
w

p sin Q
ig cos @

2pof sin Q
©

i(ﬁz - 02) cos Q
2w

ecquationd

(12)
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LI "
Vs ¢ 9
| . L
A ¢ ¢
=B
z L AN o
Z2

whore B is abtained from A by letting P=Q=0,

intverse of Id?

i iw
KZ UK
~i(-g% +8% ) ]
i{ AK% + 202 ) o2
; 0 ByK
B KK .
0 -2io/K 0
i . I |
He sre using the notation of EBrekhovshkilkh
x? = o? + a?
K2 =92 + g2
and use o
pk? = k%(2p+ 1)

from Eouations 9 and 4,

Cowbining Eeuations 11 and

13 ue have

(13)

07 more interest is the
0
2iou
a K (lh)
0 -
~2it
K~
ang Srielvosgel. Ye take
(15)
(16)
- 7)




v ; :

v - v i
2 =asY Yz = 22 (18)
z
Z1 222 z22
T 2z 2z
) B X1 -2!3 Xp 4 2p Xz * .

v

i

B let sin= /A and sin ¥ = 0/t sa the comronenits of & are

a = 2 sin®y cos P + cos 2y cos Q (19)
11 . )

a = i(tan® cos 2y sin P - sin 2y sin Q) (20)
12 -

a = §L13§_ {cos Q - cos P) (21)
13 pc

e = -2ib(tang siny sin P + sin Q cosy ) (22)

- _ +« jbcosO sin2y sin P . s
8, =i [ = co.z;{ - tany ces2y sin Q] (23)
a , = cos2y cos P+ 2siny cos Q : ) (2%)
=i - - <
2. =5 (cos® sin P + tany sin® sin Q) i (25)
&, = 2b siny (cos Q@ - cos P) (26)
a = 2pb siny cos2y (cos Q -~ cos P) ' (27)
2
. cos . - .
832 = ~iplc —‘;s—§¥- sin P + b cosy s:.nzy sin Q) (28)
8

L o
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a =cos 2y cos P + 2 sinzy cos Q
33

Qo
H

2ipb? (cos2y tand sin P - sin2y sin Q)
34 .

00822Y sin Q,
2b cosy

2 . .
a = -i(5 cosd sin?y sin P +
1

a =§'3'-‘1'1_e'6€9'§""’21(COSQ—COS P)

42

_ i (sin 20 sin P cos 2y tany sin Q
&3 2 c* be

a =2 sin2Y cos P + cos 2y cos Q
uh .

The lout comsonent of Foaustion 18 is

!
1 +a z_ /2w
— = v + a v + a z
2u zx; ®h1 Tx2 42 22 43 22 b X2
This eauastion describes what harrens st the dlass

Howevery  since there car be no transverse sbress in the fluid we must

.

also have no transvevse stress i the dlass

t]

zxtrﬂxi”AOe ThereTare Eeuation 35 reduces to

A4 a v
b1 X2 w2 22 43 22

Incorsorating Eeuation 36 irto Eauation 18 we obtain

at the

(29)

{30)

(31)

(32)

(33)

(3k)

(35)

interface.

houndarue?

(36)




v - a —a]]&xtg v + a
X1 12 a 22 13
4
v My M v
Z3 1 2 22
2 = Ma M
z
21 3 4 Z2
DONTRRRLE) .
M =a ~a a /a
1 22 21 42 y1
M =a ~-a a /a
2 23 21 83 41
M =a -a & /Ja
3 32 31 42 41
. M =a -~a a Ja
4 33 31 %3 11

In a2 fluid b=0 andlx=0 s0 to relate v, and =

3 we have snalodgous to Eeuation 388

v
22 . 22 23

22 32 33

wheopn

- &1} ay3 Z

51

Z

Z

tetween

(37)

(38)

2

(39)

(k40)

(h1)

(42)

interfaces

(43)

2

ared




N

(k4)

-i sin P cosOLC (45)

23
Pre Cre

a ' = "iPpg Cpo sin P ‘ (L6)

32
coseLC

aas' = cos PLC (%7)

whare the LC subscerist rofers to the value of these esarameters in the

linuid crustal redion,

Ve have for the second slass regiont

/ \
: l vz:«; Ml Mz 'V’z“

(18)

Z M M 2
Z3 3 [N Zy

where Lhe M i ‘s are dgiven in Eeuations 39-42,.

Ecuzstions 38,43y and 48 combine to give

-
i
[
N
N
>

z = (19)

2

|
w
&
1N
&

i .
.
ARSI . -
P 4 g oA lb et L By oagm - .
N _ ,a . R T
' . . .
= 2 s e =
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RIS *
c C M M a " g ! M M
1 2] . 1 2 22 23 1 2 (50)
cC C M M a ' a ! M M
3 4 3y 32 33 3 I

Faustion 49 relates the = comronent of stress amvd veloeity of
intevisce 1s  the first interface the incident wave encounterss to
intertace 4y the Tinal interfTace of Lhe cell, We msw now match the
incieonl wave with interfoce 1 and Lthe transmitted wave with interfece
4 amg thervebw Timdd  the scoustic transmi%&ion of the cell. He will
chande Lhe origin of the coordinasto switem in Fidure 1 so it lies in
interizee 4 and take Lhe comelele cell thickness from 1 to 4 to be H.

Thern Tor the initisl wave we have

o, = [(b; eioza.(z-}l) -4 e—iaa(z-H)] oi{oax-wt) (51)
¥, =0 - (52)

. . A [}
where (b” is the amrlitude of the incident wave and d) the amre-litude of

tho retlected  wave, The ~wave is traveling in the nedgalive =z
: : ’

’
X ’

direction. . : ’ ;

.

Similarle for fluid b

6 = 0 o~ iopz ei(dax—wt) (53)

Sor Lhe weve transmitted throush the cell., Using Equaotions 3J»4y and

(e x-wf’
710 st omitting the comwory Toctor of € ) wa have

'

Vga = 10, (¢; + ¢; ) (s5h)

vy,

i
!
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Voo = S (07 -9} ) (55)
=0 . (56)

L B Tdpg (41 ver) 1)
Vxp = 30y, 4 _ (58)
V,p = -ioy o1 . .. (.59)
Zap ™ TRy, G ‘ ' (60)

From Faustion 49 we have

(6! 4" ) AN o
= 1
wrg (8] + 4 e, ¢ \uo, 4 |

We define the transmission coefficient as

D=p, &' o, 43" (62)

and Lhe rollection coefficient as




Fanalion 61 seovides Lho wmeans b which  those coeftficients sy be

avilusterd, To ecalceulate the trancsuitbed acoustic internsity we wuast
evaluste 101 + Care must be tabken i doins S0y  hDwever. The

Jongituginal sreed i the glase is aver thyee times the speecd in the

obhar, Use of Snell’s law shows the criticsl ansgle for the two tures

of sluse wo dse coours st 16 dedrewes g2rof 15,5 dedrees,s Siwilsrlze the
shienr wave sroed in Lhe dlass g over tuwice the longitudinol sreed in
the wster. For the twn tures of s#Hlusss we use the critical angle Tor
this ture of usve is exceedod st 25.5 and 27 dedrees. Thereforer we

Tindg three rezgiomns for the angle of incidence. A serarate eacuation

for  the lLeanswission must be Tound For each redgion? the resion whora

o oritical sngle is exoestedr uhere only the eriticsl ansle for the

Jonfituciinsl  wave is exeeeded anad uhere- botin critical enzsles ere
excecded, For exampley in the second redgion tolkind € to be the sngle
for the comsression uwasve in the dlasss and G%.h1 Lhe water we have from
Enell’s law . ‘

sind = C.sin® . Csin 6 . . . .
2. so if < 2 31 then . )
a a

cos 8 + i/ sin’® - 1 ' (6%)
sin P + i sinh |P| (65)

cos P + cosh lPl N ) T (66)

Similarlyy, if both critical zndles are exceeded we must make chandes

in cos X r sitn Q v ardd cos Q.

1
|
‘




’ e = e S T - S-S STy —— i 2 — e - - - -
__ . _ .
{
i
, .
© Thoerelorescortain Lerms which a2voe real in the matrices for  one

vesficn Wwill bho dwnsdineecy i gnothor.  Movertheleos we do Tind for sll
_1‘(:.':3?5.0!‘1‘.".- M i ‘

ko202 /o2 1
|n}? = wTey/o . ) (67) |
Y4 ]
wo, 1C,1, wey 1177 flel, oTeypy 1€,

o % | AN

1

althoush bhe forwm for 0V will chasnsge Tor each rodior.

Fauvation 67 will be the basis of comesricon Tor the measuremenbs
we will make for the awmournt of wultrasound transrilbied throusth  the

licuid crusisl cell. It should be nnted thest Eeustion 67 do2s not ‘

inolde sy dowrind dive o either viccusity or surfosce waves in bhe
cell. Fuerthermorers we have omilted the =wmall anisotrors Tor the seeed
of  wound  which occurs in liesuwid cvestels.  The Jatter simelification

arrears Lo e less severe tvhan Lhe former ones,

P W




1T ! KEFRTMEMT

A, Oigite lager Veriftication

To test Equab. 1 67 experimenlalluy we starl with the simele

CoR

iy

of a8 single sheet of dlass rabtier thaen the liecuid crustal cell

.

mentlicnasd above. For this case the 10, 1 reduce to  the 1IN ;! of

]
Ewalione 392 - 432,

Tuo Panamet%ics Mol V302  trarsducers are used Tor the
tronowitlter ”Yanﬁ hudrashone The transmittes is  driven bw &
Hewtobtt--Pockard Modsl 33124 f&nvtimﬁ gonerator  in the amelilude
mocuistion mode exlernslly modulated by 8 Hewlobi—Paohkard Model 33104

Aiglon doverators Folses vere turicslly 2% r%ec in width conbainding
areroxinzlely 20 cucles serv vulse, The Troouense is messured usind o
Houleli~Fgokard Modael 53243 timer/counters The glass sheet is  rlasced
in  the center of o wrter tonl S0cm x 40cw » &Gem. The scoustic
drarmmittor is locsted 8 om Trom the glass she2et uilh thé hudt rorbnone
@eeroxinately the same distance on the other side. The élass is
susranded by an angular rositioning deovice allowing orientation to the

t

, 3 =4 . .
Pacilitated by &

b

=

rearest aosdHree to be sepecifTied. Initiazl alisgnmern
laser.  The signzl from the hudrorhone is amelified 2nd sect to both &
Fan Model 160 boxcar intedrator snd Telbronii: 5464 oscilloscove, For

the dats on the grarhs rreserded in this section the 'values sre resd

Trom Lhe oscillescore,.

The dlass shoele gve 195 cm 2 19 om 2 0,16 em andg 15 cw w2 15 om
0.0144 cmy resrectivelu. The diasmeter of both the transmittor  arnd

nudroshone  are 2.5  cm. By nrnoling the time of the various rulses

Kl

{
i
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Sats T

it e on L oocilioscore b rofleclion souroe wsy be

& the orioentation  of bthe  dglass  ohenges:  the times

vaflection pulses and main sulese chandges. The lardest refloectod rulse

aimounts Lo 10% ol the

mazirn rulse,.

The fallowing canziznts are used fTor the thicker £l-gse
* . 4 b A 5 I} .»..,-’ S
lommitudinsl amed shease sraodss H5.61 x 10 cw/oee and 2.3 x 10
')
Cmlnety  Tes Ltzve33r withh o densitue of 2.94 g@w/em”, For the thin

. ) 5 .

mlass Lhese values ore G.¢ 10 em/secr 3.8 2 197 ci/sec aend 2.51
2 . . .

gw/om” v respeclivoly, Thz thichke, glsss is flost dlsss obts sined from

PRC Industries. Thee mwanufazoburor swwerlied thes values of  You

, USSR )
pavialuse 1.0 » 10 1/ 407 s

il the Foisson rstics: .23 from which

ghove seouslic seoeds are oblainid.

The thin g#lzss is  obitaine

G
shesr mordulusy 4.4 .2 10 ¢#sir and

from
Cortinsg  Glose Cos which susr-licd tho
Foisson ratior 0,23y

From whnich the acouslic seeeds Top Lhe thin glase

are caleylated,

Fidure 2 is 8 drach of the ratio aof thp hzdrostiong valtadge owith

the dglass rresent to that without., The abscisse is the angle betueen

tie morm=2l Lo the stless rlabte and thal of the 2a2cou

(1‘

tic beaw,. The

crosses zroe  the exserimental values obitzined asrroximsteluy everus

desies. The solid line is the theoreticsl result frowm Ecuation 87 for

-
i
-~
o
by
i
-
W
[l

the ahove conslants,. Tt should be nated.that there. sre no

anJuctsble essramolers wused in this  drarh since each constent of

Epuztion 67 is known. There ore two #eqks of 1007 transmiscion in the

thooretical rlob at 16,5 desirees and ¢ 39.4 dedveesy a8s well as a die

to rere transmission at 15.9 dedrees, Cxrerimantlally the crosses in

the srash show  the usper i 25 and

real.y thoush shifted to 34.5 dedr.

e - N =

JddebiFLod, ..

Lisbovgcen L




prirciie owd Cram 1007 to 70% trancumicsion. The lower  wsoeosk erdg dic aroe
mioaioiiy  fiowevoer. Theoe discorersncins agre duae i #ort Lo Lhe Tinite
accor Lenee andle of the hudroshone,  Fidguare 4 is identioael Ln Fivgre 2
osteen-t pach roint onn the theoreticsl slot is aversded over the wvalues
for 3 dedvess o oach side.  The sverading brings the urrer resl doun

to nowmodimam of 82.9% anct oleces 1t 2t 35.2 d=idvess 25 well as dreogtls

rendnacins the lower ezt & a2leost eliminstind the die. This

aver:ciing will be revformed in ths subsecusnt Graeis.

Micure 4 shows the comezrison of theovy  a2nil exeeriaent Tor &
siniie cheel of  Lhe thitn glnss. The ithairy ssrears tu vl wly:
pedict. tug 1o three rervcont higher Lransmission than what is rezlized

e imentalleys in sdvecnent withh Fidguve 3. Conrsidering we fisve

omitted ans dissiration of the sound wave we would exsect such =

recsuli. A Treauency of 0.0580 Mz i3 usend Toyr Figures 2 and 3 ond
0.857 HHz for Fisure 4. For the thicker #lass the resultins
wavolengths for the longitudinal and shnsrs waves arer resgectivelys

0:65% cm and 0,39 cme. Tho ratio of wavelensth to g€lass thickress is
0.0 and 0.41y rvesrectively, For the thinnmer glass - the longitudinzsl
and  shear wavelenzdths are 0.021 and 9.034 rESPectivels. 'It is this
smeller ratio for the thin diass which makes it suitad for the nematic
cell extibitinzg the scouslo-ortic effect, lle shsll see  the -uniform
higher sound tronsmission sllous for a ﬁréater lisht transwmission in

the aerousto-ortic effect wilth less angular sensitivita.

.
¥ -
¥ wa Ce PR . . .
01.4p - :
T - ;- ..
N b d - Y. » PR v e Ay - b
e - e o ger e e . _ . Lo~ = -




G, Vieuid

The nematic licuia ciwstal is 4 — cmanu — 47 — r hexul

commorlyg

nemstic shase

icol.roric

Cnowstals

Each cell is

Crustal Coll InvestidHablion

lroun s K18,

trensition occurs
s - \

transition ol 292.4

Core. and used without

Birhensl

The trensition Lemweraliire for the crustsl to

at 14.50 ¢ and the rnemstic Lo

Ce It is eoblained Trom Atomerdic

Tuvrlhier rurificztion.

conﬁtqucted bt coating tuwo dlass sheels with
lecithin to rromote homeotroric z2lidoment of the lieuid cruystal. Tihes
cozrted sides are Flaced next to one anolhicr with 30 pn setocers at the
edses ., The licuid crustal is  then introduced at the d#lass eddes

o=

betucen the sraocers end rulled into the cell buy corillary action.

After Lthe cell hase heon filled aith the nematic

coaied with waex. Eroxy is then arrliecd st 2ll ediess,. The way is used
) . to srevent the nematic Trom reacting chemicslly with the eropv. For.

cells made wilh the thin €lass the cell is mounted in & elexiglass

frame for sdded susrort. _ '

.
-t
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The zcoustic wave for these cells is =enerated by the method

described above or uwith g tledi Sonse Model 1160 ultrasonic dgenerstor,.
The lattor orerates at 1 MHz and is used when drester rower is

requi red.

Internsities of 1.1 Watts/ edl

maw be obtsined with this

uriit .

For messurenent of the lidght traonsmitted by the acousto—ousiic

150 Watt

effect a lawe is wused. Light sasses through the liauid
o JERTAS L - Lo e
k4 - .‘-'f 7—7; R - . . .




cruslal cel 1 & second wolorirer wilh s iaids oriented at 90 dedroos
to the fiest, ond to & shotomullivlier. The signzl  from  tha

shotomltivlier 1 amelidiced and sont to o distitsl voltneter.

Fidgure 5 stiows the ratio of volizge to the hedrowhone‘ wiipn and

without the liouid crusial cellras a fTunction of ansgle, For Fisare 5

the cell is comstyuebad of thie thicker dless zrnvd sn 2coustic freouzno:

of MHz is wuzned, The crosses are the oxserinsntasl vaetivs and Lhe

b

solid line is the theovetical vzlue of (01 from Eeuation &7, Toe
deteils of the srodram used Tar the eveluation of Erustion &7 is found

i¥ A, Tha solid roinla o the  sirssh are for the lisint

intensite in erbitrasre units tronvmilled viz the scouslo-optic efiect.

It woulsd arresr the zcousto-ortin eTtecl is orerslive uwhen  the

cell comfisurastion s3llous maxinun tremswmiscion of sownid,e This resull
. . - L 8 . N » L 2 LS
syrezrs 1o exdirlain the resulis of Letcherrs Lebhrun sred Cerdag e
reraorted a strond ortical sidnal for onl: 2 narrow ranse of incidonl
snglesy 27 to 30 degrees, This result is a2lso in azdreement with
. 2 . . .

Mastzsis Feters and Candzsu” who found 2 correlation with exserimental
acoustic znd oeticsl transmission. FEouztiore 87 alco exelains  their
results Tor zscoustic transmission versus Tilis thickrnessy their Fisture

7+ filsoe the brosdening of the transmission for Lhin dgSlsss  as

rerorted b2 Lebtwary Candau and Lelcher is exrlained., This resull is

. . g
in disssrecwent to ‘that of Ferbets Harend and LeBevre who rerort i
ortical signszl for larie acousti roflection, We find no orticsl

signsl for larde acoustic efeflection

.
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If we conclude that Equation 67 may bhe used to rredict maximum

acoustic transmission and therefore maximum transmitted iisht from the
acousto—o;tic effect it would arrear the ecuation could be used to
prescribe how 3 diven cell should be made for .38 eparticular acoustic
freauency. Or if the cell size is determined by other considerations,
Eauation 67 could- be used to rrescribe the acoustic freaeuency which
should be used. For instances for the thicker dlass cell wused in
Figure J, assuming an incident andle of zeros Eauation 47 is USed-tO

See Fidure &.

determine the acoustic transmissior. The results

indicate that an acoustic freauency of around S00 kHz would dgive the

best results.

For Figure 7 the cell wvas constructed of the thinner dlass

sheets, Adain we see 3s the acoustic transmission incresses more

light is transmitted, In comearing Fisure 7 with Fisure 4 ard Fidure

S with Figure 3 we see the difference in the theoretical sound
transmission and exrerimental sound Uranswmission increases as one
chandes from a3 sindle «lass sheet to a licuid crustal cell. The
increase is reasonable since the means of dissiration has incrgaSed.
The flows induced in the liauid crustal which dive. rise to the
acousto—-ortic effect are in fact an added néans of dissiration of the

acoustic enerdd.

Another means of dissiration is the surface wave denerated.
Fidgure 8 shows a series of rhotodrarhs for the cell viewed between
crossed rolarizers. The rhotodgrarhs labeled A to F have the incident
acoustic beam at andles Oor 409 12.5°v 15°v —17°(fram the right rather

than the left)y and 33“. The dark circle with the knob ann the left in

21
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the rhotodraprhs 1is the 3acoustic transmitter. The small tilted

rectansgle in each picture is a sracer. In each sicture vertical lines
:are shounie In the absence of acoustic waves these 1lines dissarrear.
The lidght transmitted in each iine is the result of acoustic streamindg
in the liquid crustal {( i.e. the acousto-ortic effect). As the andle
of incidence increases the distance betueen the lines decreases.
Figure 9 is a3 dgrarh of the line sracind a3s & funeiian of andle. If we
-imegine 3 plane uwave of incident andgles o, coming to the cell surface

~the comronent » 4 » of tiie uavelernsth alond the surface is diven bw

a=-2_ ' (63)

We would exrect & surface wave to be dHenersted and the distance
.between the lines to be rrorortional to d. Since for normal incidence

‘Eauation (68) shouws d to become infinite we deneralize the eaquation to

e c line spacing = a/sin(@ + b) (69)

where 3 and b are constants. The constant b should result froms the

diversonce of the incident acoustic beawm. The continuous curve in

Fidure 9 is for Ecuation 49 with 3=1.25 mm and b=14.32 dedrees. Lines
LY

similar to these have been rerorted by Ferhets Havrends and LeBerree.

The zrdmular derendence we observe lends surrorl o their claim that

the lines result from surface waves,

From Eauations 38y 43s 48y 59s and 40 we find the ratio of v

2

N
[}

v
o
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.20 dedrees at an  incident angle of 40 dedrees denerating mainls a

amourt of light from the scousto-ortic effect for incident andgdles in

.the ransge of 29 to 33 dedrees, From Figure 10 we see the boundaries

]

+ + C. M
SRS LR YN
cos eb (70)

v

. 2
v

3

[Mli-pb Cbld]
cos(%

Since this ratio is gomplex it contairns informstion econcernind the
rhase. The two surfacesy labeled 2 and 3y are the liquid crustal
boundaries, If this rhase is 180 dedgrees we have a2 reristaltic wave
traveling along the liouid corustal lower, If the shase is =zero
dedrees we have an ordinarwe flexural wave., In Figures 10 and 11 the
rhase caleulated from Eeuation 70 is rlotted 3s & Tunction of incident
acoustic andle for +the thick dlass and the thin dlass cells

reseectively, Referring to Figure % we see there is o significant

are out of whase ( 50 to 140 degrees) in this redion ‘giving rise
mainly to a reristaltic wave, From Figure 7 we find for the thin
glass cell the lisht intensity incresses with angle and from Figure 11 : J

the rhase difference bhecomes smaller with arndle to a rhase of around

Tlexural wave, It would aprear therefore the imrortant feature giving
rise to the ascousto-urtic effect is the anrlitude of vibration for the
licuid crustal boundaries as indicated sbove rather than the relative

rhase,

L * - . - N >

It is of interest therefore to see how the angular  transmission.
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chandes as o function of the scoustic freequencwu for the cells.
Arrendix B is 3 series of drarhs whinh show the theoreticsl wvalue of
1} from Ecualion 67 au a function of andgle for the thick d#lass cell,
For low frecuenciesy 100 kHzy Ffor which the vatio of acoustic
wavelendth to thickrness of a singdle dlass rlate is abaout 0.03 the
curve is fairly flat with 8 transmission dgreater than 50% for 211
andgles less than 60 dedrees. As the frecuencwy is increased to 300 kHz
the lower gnsle transmission decreases and a reak srresars at higher
angles. The real becomes narrower at 400 kHz and arrears at a lower
angle, By 500 kHz a reah has apwea¥ed at lower anglesr as well» and
is seen to increase in locstion st 400 kHz. These resks continue to

arrroach one snother and are nearle surerincosed at ore MHz.

In Arrendix C 2 series for a thin slass'cell is rresented, For
“the first drarh the Trecuencs is 1,0 MHz which still gives an acoustic
wavelendth to «=lass thickrness of about 0.03 since the glass is so
thin. Adain we see 8 rather flat curve uwith the 2trasmsmission abhove

60Z for 8ll andles. At 2 MH:z 3 reak arrears and at 3 MHz 2 second

¥

. oo - ] )
At 4 MHz the two reaks have narrowed and merged, The narrowing

L S - e M s

continues to 8 MHz. : : : L.

In Figure 12 the theoreticsl rlot of awmelitude ratio versus the

thickness of the nemastic laver is rlotted for an ascoustic frecuency of

1 MHz arnd =zero acoustic incident sndle. It would arrear from the
sound transmission the best thickrness for 8 cell made of the thin
glass would occur a3t 200 micrometers, For hisher frequencies the reak

ocecurs at lower thickrnesses ardd is narrower. At 1.9 MHz the resk

g e
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I Figure 13 the theoroticsl amelitude is dgiven as a function ol

acoustic freoauencuy Tor a coell of the thin glass wilh =zero acoustic

incident andle. The decresse in ratio shove 3 Mz continues ue
throudgh 8 MH=z» 85 seen in Arrerddix C. It would arrear the best

froauency occurs at 1.2 MHz, Thereforer we conclude the best cell for
the thinm dlass and for zero incident ascoustic andgle would occur for a
freauerncy of 1.9 MHz and find the ortimum nematic thickness to be 70

micromcters.




IV, CONCLUSIONS ' ' .

We have develored an ecuation to sllow evaluaiion of the
acoustic transmission throush a licuid crustal cell as 8 function of
incident scoustic andler Treauency and thicknessy density and acoustic
sreeds of the materisls in the cell. Although a3 number of simelufuins

sesumctions are made in  the derivationr such as omitting viscous
dissirationr we find 306d agroenent hetween the theoretical erediction
and the exrerimental reslization for acoﬁstic transmission, We also
find a8 rositive correlation betwesn the maximam scoustic transmission
and  the maximum sensitivity for the acousto-ortic effect. The}eforer
the transmission eeuation may be used to rroscribe cell structure  and
acoustic freauency Tor the utilization of the acousto-ortic effect.

Arrendices B and C cortain examsrles of hmw'mne may use the ecuation in
this waw. The maximum zcoustic transmission of the cell oceurs at

those andles where the comronent of the incident wavelendgsth along the

glass surfTace motehes the wavelendgth of a8 Tlexural or reristaltic wave

along the dlass at the imrosed acoustic frecuenty. TherefTorey the
‘maximsm  acoustic transmission occurs when  the liquid crgstal

houndaries have their lacdest amelitudes of oscillstion. The result
is imrortant for the resolution of a8 visuslized zscoustic wavefront
rattern. To increase the resolution uwe must not only dameen the
Jotersl flow of the lieuid crustal but we must damren the latersl
flexural or reristellic wave induced in the dlass wslls. There are
several meosns of inducing such domeing, We are eresently attemstins

to increase the coll resolubtion by increasinsg the lateral doamnsindg,.
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v
20 kK
30 R
40 R
50 R
160
170
180
190
200
210
220
230
240 H
250
260
270
300
310
400
410
1000
1010
1020
1030
1040
1040
1670
1080
1090
1100
1110 C
1120
1130
1140
1150
1160
1170
1180
1190
2000

1=0 : .

EM DIEENSITY R1(H20)y RCGLASS) R3(L.C) >

EM SIFEED C1(H20)y C(GLASS)sy R(GIL.ASS):s
E¥ DISTANCE D1 (L. ,C.)y LN2(GLASS)
EM ANGLE V1{(H20) = THE INITIAL ANGLE
R3=1
R4=1
Ri=1
C4=150000
F=200000
R'—‘..O\J4
C1=150000
C““60?4q
=332216
C3=150000
01i=,008
n2=,0144

IF C¥SIN(V1)/C1>1 THEN 400
6070 1000

IF BYSIN(V1)/7€1x1 THEN $5000 -
G070 3000
SE=CRSTN(V1L)Y /CL
SP=EXSIN(VL)/CL
C8=80RT(1-1%58"2)
C7=SQRT(1-1%59"2)
C7=2%C9"2-1
F=2%3,14109%FXD2:xC8/C
Q=2%3 ., 14159%FxN2%C2/E
S6:=SIN(F)

Co&=COSCF)

SS=SIN(G)

S=C0S(Q) :
J1“7*3*08*86$S9/C—S9*C7¢SJ/C?
J2=C7XCE6+2%E9™2%CS
J3=—GBKGPXKST/ (CKRXCP)-C8%XE6/ (CXR)
K1=—2XBARXSP?XC7RCOH+2KBRRXSPRC7%CS
V”——4*B*R*89"”*C?*SJ~C*R*F?””*56/CB
R3=C7XC46+2%52"2%CS )
L1=~1%C77 2455/ (2XBXC) “*S?“”*CB¥°6/C
L2=-88%C7%C6/7CHSBXC7XCT/C
L3=-892XKC7XkE5/ (2XR"2XRXC P2 +56%G8%CB/ (CT2%R)

RA4(AIR OR H20)

C3(L.C.)y CAAIR OR)




2010
2020
2030
2040
2050
2060
2070
2080

2090 A

2100
2110
- 2120
‘2130
2140
2150 E
2160
2170
2180
2189
2190
2200
2210
2220
2000
3010
3020
3030
3049
3050
3060
3070
3080
3084
3085
3090
3100
3110
3120
3136
3140
3150
3140
3170
3180

Hire
%3

""H‘u!‘

Hi=J2~J1%L2/11

M2=J3~J1%L3/L1 -

M3=K2+K1%L2/1L1 ) : -
MA=K3~-K1XL3/11 :

TH=C3%SIN(V1)/C1
U8=SQRT(1-T8"2)
F1=2%3,14159X%FX01%U8/C3
Al=COS(PL)
2=-SIN(F1)%U8/ (R3%C3)
A3=-RIXCIXSIN(FP1)/U8
A4=A1
E1=~M1xM?*A3—M1#H3*A7—M2*M3*A4+M1*Mi*ﬁi
E2=M1%M2XAL M1 kMAXAZEM2XMA KA -M2EM2KAS

E3=M1%M3%A1 M1 EMAXAZHMIRMAKAA-MIXMI A2
EA=—M24M3%kA1 ~M2AMAXAZ~ M3¢ﬂ4kh°+ﬁ4*ﬁ4$é4
Z1=R1%C1/C0G(V1)

Z4=RA%CA/SART (1~1X(CAXSIN(VLII/C1)"2)
T2=4%ZA2/((ZAXKEA+Z1XE1) 24 (E3HZ1XZAKE2) "2)
T2=SART(T2)

FRINT INT(10%V1X180/3.14)/710,T2yTARC1SHS0%T2) s > %"

Vi=V1+3.14159/180

IF V1>70%3.14/180 THEN 8000

GOTO 300

58=CkSIN(V1)Y/C1

S9=R¥SIN(V1)/C1

CB8=5QRT(58"2-1)

CP=GQRT(1-1%89"2)

C7=2%C9"2-1

P=2%3.,14159%FXD2%C8/C

Q=2%3 .+ 14159%FXD24CP/E
SE=(EXF{F)-EXF(~-P))/2
Co=(EXP(PY+EXP(-FP))/2

§5=6IN)

C5=00S(Q)
J1=—BXCBXS6k2%89/C-S9*C7%55/C9
J2=C7%XCo6+2%8972%C5
J3=-GBXGP%XES/ (CARKCT) HCBXE S/ (CXR)
K1=—2XkDXRASIRC7XCEHI2ARKRXGIXCT7XCS
R2=—4XBYRXGP2XCPRE5-CARRCT772%56/C8
R3=C7%CEHF2XE972%CS

L 1=—1XC772%XS5/ (2XB¥CP) +2X5972%CBXGS6/C
L2=~58XC7%C4/CHSBXC7XCS/C
L3=—G9KC7%S5/ (2XBT2HRXCP ) -S6X58%C8/(CT2%R)
GOTO 2010

w—




5000
5010
5020
5030
5040
G050
5060
5070
5080
5090
S100
Si10
5120
9130
5140
8150
5160
5170
5180
5190
S5200
8000

§$8=C¥8SIN(V1)/C1

SP=R¥SIN(V1)/C1

C8=5QRT(S8"2-1)

C9=8SQRT(897"2-1) ~

C7=-2%C9"2-1
F=2%3.14159XFXD2%C8/C
Q=2%3+ 141 59KFXD2%XCP /R
S6=(EXP(F)-EXP(~-F))/2
Co=(EXF(FIHEXF(-F))/2
SS=(EXP (@) -EX(~-Q))/2
CoO=(EXF(R+EXF(-Q))/2
J1=—-RRCBRSHK2%KEP/C-BP%C7%S5/C9
J2=C7XCH+2%E9™2XCT
JE=-GOUAEPKEEH/ (CARRKCP ) LRSS/ (CXR)
K1="2%BAR%XSPKC7XCE+2ABERRSIRC7XCS
K2=4%XBARKSP"2KCPXGS-CRIRRCT7"2%56/CO
K3=C7%C4-2%8972%C5
L1=—1%C772R85/ (2% B%CPI+2%8272%CXE6/C
L2=--58XC7XC6/C+58%C7%CS/C .
L3=-89%C7%85/ (2%R"2XKRHCP ) -56%58%XCB/ (CT2XR)
¢GoTO 2010
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AFFEMOIX B
Arrendix B contains the comruter erint-out for the scoustic

transmission as a Tunction of andle for a lieuid crustal cell wusindg

dlses 1.6 mm thick and 2 liauid crustal laver 0,08 mm thick. The

freauencies used varye from 100 kHz to 1 MH=,
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ANGLE

0

2

4

6

8

10
12
14
16
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20
22
24
26
28
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34
36
38
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42
44
46
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52
54
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ANGLE

1929454156
+ 99999471
+ 94080152

642643351E-02 X

+ 86642261
97819855
+ 9556492

+ 834643918 -

71178303
461440708
54968327
51535038
51080818
54167181
. 62599924
80105178
99890843
75957952
VA5G76596
V296223

21062089
16009318
12793822
10637034
09137821

SQ.ROOT T2
fP975715

+ 99701681
+ 29530841
+ 99283562
+ 99154948
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FREQUENCY = 400000
ANGL.E SQ.RO0T T2

0
2
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8
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14
16
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20
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e
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28
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36
38
40
A2
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48
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52
54
54
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+ 30500073 X
30179229 *

+ 29326018 X

+ 28215715 %
+ 2718099 X

+ 26538554 X

1 26626798 X

+ 28324073 %
3+.8622229E-02X

+ 304004601 : %

+ 356175208 *
146167116 X
263904649

+ 90453746

27731108

+ 78256852

+ 6412908

+59504245

+ 64279457

+ 83487877

s758402798

+503104603 X
26612626 ' X
+16407183 X

+11207212 X
8.2105742E-02 X

6. 3350023E-02 %

5.0914309E-02%

4,23317209E~02%

3,4242261E-02%
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I CQUENCY = 700000

AGLE 8Q.ROOT T2

0 14614023 %

2 ,14398759 %

4 ,13834244 %

6 41310977 %

8 12417377 %

10 ,11882437 %

12 ,11532524 %

14 .1114234 %

14 3.6084021E-02%

18 ,172946716 %

20 18444955 %

22 222754625 R

24 ,29482343 X

26 4481302 * .

28 770059464 X
30 98714771 _ X
32 ,76241145 X
34 4467384193 X

36 79491955 %
38 95902435 X
40 41070482 X

2 ,191014633 b

44 L,10856379 X

44 6.9545699E-02 %

48 .04819727 X

50 3.5364793E-02%

52 ,02713297 %

54 2.15946886E-02%

S6 1.7743846E-02%

58 .01499378 %
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RUN

FREQUENCY = 1000000
ANGLE SQ.ROOT T2

0 +062 X
2 .054 X

4 044 X

& 039

8 .037

10 035

12 ,034

14 ,027

16 ,012 X
18 ,11¢9 X

20 097 b3

22 4,107 X

24 ,133 X

26 .188 X

28 331 X

30 795 X

32 895 X

36 312 X

38 094 X

40 .04 X

42 ,021 X

' 44 ,012

46 +007
48 .004
S0 .003
92 .002
54 001
96 001
38 .001
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Arreldix c contains the comruter srint-out for the acoustic

transmission a8s a function of angle for a licuid crustal cell uasing {

dglass 0.146 wmm thick 2ard 2 licuid crustal laver 0.08 wmm thick. The

frecuencies used vary from 1 MHz to 8 MH=z.




RUN

FREQUENCY = 1000000

ANGLE
0 697
2 697
4,697
b 1697
8 697
10 697
12,697
14 +694
16 4,724
18 705
20 705
22,706
24 ,708
26 711

.28 .714
30 .718

SQ.ROOT T2

32,722

34 ,728
36 +734
38 742
40 .75

42 759
44 77

46 781
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FREQUENCY = 2000000
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ANGLE
0 .158
2 159
4 159
6 16
8 .161
10 163
12 .165
14 .167
16 .208
i8 .194
20 .204
22 .22
24 ,243
26 274
28 .317
30 .378

Y = 3000000
SQ.RO0T T2

32 462"

34 .58
36 732
38 .89
40 .986
42 .995
44 ,944
46 94
48 .94
30 962
32 .99
a4 .998
36 .96
98 .881
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FREQUENCY = 4000000 .
ANGLE SQ.RO0OT T2 . ) *
0 .066 b 3

2 066 %

4 066 %

6 066 X

8 066 b 3

10 066 X

12 ,066 X

14 .044 X

16 101 %

18 .08 X

20 .083 X
.22 .089 %

24 ,099 . X

26 113 X

28 133 _ X

30 164 X .

32 .21 X

34 .286 X

36 415 X

38 .629 X . _ 1
42 .998 '

44 .991

46 999

48 .959 % ;
50 764 . X , o
92 .54 X

o4 .388 X

S6 295

98 238 X
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«05
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«152
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ANGLE
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2 033
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6 4031
8 .031
10 .03
12,029
14 .0246
16 .08
18 .04
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22 ,044
24 ,049
256 089
28 .073
30 .098
32 144
34 244
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38 .944
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44 316
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48 .09
50 06
52 .043
54 .033
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58 .023
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FREQUENCY = 8000000
ANGLE  SQ.R0O0T T2

0 .036 ¥
2 045
4 ,044
& 042
8 039
10 .035
12 .033
14 .025 :
16 .277 X
13 .055
20 .051
22 053
24 059
26 049 X

28 .089 *

30 .128 P

32 .221 %

34 .529 X .

36 ,994 X

38 .999 .

40 .349 %

42 112 P ‘
44 051 X i

46 .02S )
48 ,017
50 .012
52 .008
54 004
56 .005
58 .004
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Figure 1 dives the coordinaste sustom for the liauid corustsal cell. The
ocigin is at the firgl dlass~liauid crustal interface fTor the initiasl
matrix calculation and is moved Tor the final matrix calculsation to

the louwer dlass—fluid B interface.

30

s T——————— - - e mema et eees AR N A mmA s n S n TR e e e T % 4 b = m——— e e e = =




N ameae et Seem o agea, A Twamis  Srame -

FLLUD R
Z
|
§
GLASS |

LIQLID CRYSTAL

GLASS

FLLUD 5

v
X

.




Fidgure 2 is & grarh of Lhe vatio of voltadges frow the hedrorhione  wilh

and without a single sheel of 1.6 mm Lthick dglsss as a function of
angle. Therefores this grarh shows the scoustic trensmission of @he
glass as a function of angle. The crosses are exrerimental roints.
The solid line is from Eeustion 67 for 101, Sinco each foctor in the
eaﬁahinn is measured there sre no sdiustable rarameters used to induce
the fit. Thereforey the drarh resresents & sevore testing af the
theore, For bthis dgrarh the thicker #$lass cell is used azrnd 8 freauency
of ¢.0808 MHz. No correction is madn‘fur the finite accertance angle

of Lho hudrorhone.
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Figure 3 is identical to Fidgure 2 onlwy correction

finite accestance asndle of the hudrorbone,

is

maide

for the
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andle, The frecuency is 0.857 MH=z.

Figure 4 is a ararh of the ratio of voltadges from the huwdrorhone

and without

a8 single sheet of 0.1484 mm thick glass as a3 function of
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Figure S5 is a drarh of zcoustic transmission through a8 licuid crustal
cell made of the 1.6 mm thick dglass a8 a function of incident acoustic
angle., The acoustic transmission is measured as the ratio of wvoltlade
from the hudrorhone with and without the Presenée of the liauid
crustal celi. The solid line is the theoretical wvalue of Bl from
é Ecuation 67. The crosses are the measured values of acoust@c
transmission. The filled circles are measured values of transmitted
i _ ligtht intensity via the scousto-ortiec effect usindg arbitrary linear

units. It should be noted that the ma:imum lisht intensity ocecurs at

the incident andle for maximum acoustic transmission.
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Fidgure & is a grarh of »coustic transmission as & function of acoustic
frecuency, [he solid lipe is the theoretical value from Ecuation 67.
The crosses are the xperiméntal values. There are no adJiustable
rarameters used to induce the fit éince each rarameter in Ecuation -67
is krnown or measured., A licuid crustal cell wmade of 1.6 wm thick

<lass is used for these results.
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Fisiure 7 is similar to Figure S5 onls the

liguid crustzl cell is

consitructed of thinner dlassy 0.0145 e thick. The filled circles

rerrasent measured values of “transmitted 1lisht intensity via the

acoucto-ortic effect.
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Fidure 8 is a series of rictures of the liauid crustal while excited

by an ultrason’ s Wave. The sracing bhobweer the resul ling verticsl
lines is seoin Lo decresse with inceccasing acoustic angle. The ansle
of ircidonce for sgeh ricture ist

A. 2evo dedroes
oo Tour dedreos
ve Lwlve ared wrne Ma1T desreos

I, Titleen dedrens

E. nedgative severnloern dogrecs (Fron Lhie right rather 4
Fo Lhivty threo dodress

12t lefi)
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Figure 9 is & drarh of the distence boelwesn the lines such as  those

showr  in Fidure 8 ss a funcltion of incidenl ansles. The solid line is

the fit from Ecustion 69.
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Ficuro 10 is a dgrach of the rhese ansgle

surfazce with ressect 4o the other versus incidoent uave

Jicuid crustal cell constructed of 1.4 mn

used for Lthese values.

&8

. W L ek mmmane © s mamo s e s |y egemsr e e

o b—— e

of one

Lhichk

Ticmrid erustsl
angle for

Eauétioﬁ 70 is



i P

aL

§§%§+++4+

une

B=

. -

-

o

1 ps—-

el BZE

L S338MI3a N3

a=
STENE-

S8

&9




e ee———— . ol e s b tmrems EmamAAeA g A & ARTT B ¥ L | TWRIY  TEWRR - TSre—em . L asse s T % e T mme— o s n o

Fiziteve 11 dis simiiar Lo Fidgure 10 ondya for & cell made witls 0.0148  mm

L R S . g
ik glass,
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Fiswgro 12 do a8 dgrarh of scouslic Lranomission fvow Eaualiornn &7 a8s 2

Tunction of lieuid crustal lauvery thickoess Tor 2 cell of 1.5 mn thick

#lass, A Treruencs of 1 Mil: and inecident angle of =zero desrees 1s

!
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Figure 13 is the seuuslic branstission Tor & Cell mode with ¢.0143  min

thick glase versug frequonod.
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